The first direct measurement of magnetic-fluctuation-induced particle flux in the core of a hightemperature plasma is reported. Transport occurs due to magnetic field fluctuations associated with global tearing instabilities. The electron particle flux, resulting from the correlated product of electron density and radial magnetic fluctuations, accounts for density profile relaxation during a magnetic reconnection event. The measured particle transport is much larger than that expected for ambipolar particle diffusion in a stochastic magnetic field. Particle confinement is a critical issue in magnetic fusion plasmas because not only does fusion power increase as the square of density, but also particle transport contributes to momentum and energy transport. In particular, particle transport resulting from fluctuating magnetic fields has been an important and unresolved area in fusion research for many years [1, 2] . Fluctuating magnetic fields can arise from global tearing instabilities that often underlie the sawtooth oscillation associated with magnetic reconnection and lead to plasma relaxation [3] . Furthermore, magnetic fluctuations are also generated by energetic particle instabilities associated with noninductive heating and current drive, or inevitably generated in burning plasmas by alpha particles [4] . Conversely, stochastic magnetic fields have been deliberately imposed in tokamak plasmas using external coils (resonant magnetic perturbation) to mitigate the edge-localized modes by relaxing the density profile to achieve heat and particle control in the plasma boundary [5] . A basic understanding of magnetic-fluctuation-induced particle transport processes is thus of great interest and potentially critical to plasma density control and understanding fast particle losses in future burning plasmas like ITER. In earlier work, direct measurements of magnetic-fluctuation-induced particle flux have been made in the edge regions of lower temperature plasmas by probes [1, [6] [7] [8] . However, progress is largely limited by an inability to measure the magnetic-fluctuation-induced particle flux in the core of hot plasmas.
Particle confinement is a critical issue in magnetic fusion plasmas because not only does fusion power increase as the square of density, but also particle transport contributes to momentum and energy transport. In particular, particle transport resulting from fluctuating magnetic fields has been an important and unresolved area in fusion research for many years [1, 2] . Fluctuating magnetic fields can arise from global tearing instabilities that often underlie the sawtooth oscillation associated with magnetic reconnection and lead to plasma relaxation [3] . Furthermore, magnetic fluctuations are also generated by energetic particle instabilities associated with noninductive heating and current drive, or inevitably generated in burning plasmas by alpha particles [4] . Conversely, stochastic magnetic fields have been deliberately imposed in tokamak plasmas using external coils (resonant magnetic perturbation) to mitigate the edge-localized modes by relaxing the density profile to achieve heat and particle control in the plasma boundary [5] . A basic understanding of magnetic-fluctuation-induced particle transport processes is thus of great interest and potentially critical to plasma density control and understanding fast particle losses in future burning plasmas like ITER. In earlier work, direct measurements of magnetic-fluctuation-induced particle flux have been made in the edge regions of lower temperature plasmas by probes [1, [6] [7] [8] . However, progress is largely limited by an inability to measure the magnetic-fluctuation-induced particle flux in the core of hot plasmas.
In this Letter, we report direct measurements of the magnetic-fluctuation-induced electron particle flux in the core of a high-temperature plasma during a period in which the magnetic field is stochastic. We find that the measured magnetic-fluctuation-induced electron flux can account for the rapid particle transport and sudden change in the equilibrium density. The measured particle transport agrees with that predicted for electron stochastic diffusion in the absence of ambipolarity constraints but is much larger than the expected particle diffusion which would arise if the electrons were slowed to the ion diffusion to enforce ambipolarity.
The evolution of electron density (n e ) is simply governed by particle transport and particle sources according to
where S e is the electron source and À T r;e is the fluctuationinduced transport flux. From this equation we see that a core density reduction ( @n e ð0Þ @t < 0) can arise only from particle transport since S e ! 0. The experimental focus of this Letter is the measurement of the two terms on the left side, which then yield the contribution of fluctuationinduced flux to particle transport.
The total radial particle flux driven by fluctuations is described by [1, 7] 
The first term on the right-hand side results from electrostatic fluctuations, where n and E ? are density and perpendicular electric field fluctuations, respectively. The second term arises from magnetic fluctuations, where À k; is the fluctuating particle flux parallel to the magnetic fieldB for species (electron or ion) and b r is the radial magnetic field fluctuation. Brackets hÁ Á Ái denote a magnetic surface average. The fluctuating parallel flux results from both density and parallel velocity fluctuations according to the relation À k; ¼ V k; n þ n e V k; . Therefore, we can rewrite the magnetic-fluctuationinduced particle flux as
where the first term on the right-hand side is referred to as Measurements reported herein were carried out on the Madison symmetric torus (MST) reversed field pinch [9] with major radius R 0 ¼ 1:5 m, minor radius a ¼ 0:52 m, discharge current 350-400 kA, line-averaged electron density " n e $ 1 Â 10 19 m À3 , and electron temperature T e $ T i $ 300 eV for a deuterium plasma. A high-speed (t $ 4 s), laser-based, 11 vertical chord (separation $ 8 cm) polarimeter (Faraday rotation)-interferometer system is employed to measure the equilibrium and fluctuating density and magnetic field [10] [11] [12] . Both the equilibrium and fluctuating electron density gradient are obtained using differential interferometry techniques [13] . At the magnetic axis, the equilibrium magnetic field strength B $ 0:3-0:4 T, the equilibrium current density J k $ 2 MA=m 2 , and safety factor q $ 1=6, where q describes the rotational transform of a field line in a torus. The mean electron velocity V k;e is inferred from the measured parallel current density and electron density, V k;e % J k =n e e $ 10 6 m=s [14] . MST discharges display a sawtooth cycle in many parameters, and the measured quantities are ensemble (flux-surface) averaged over these reproducible sawtooth events.
The equilibrium electron density profile evolution for a standard sawtoothing MST discharge is shown in Fig. 1 . Density profile relaxation occurs within $200 s, much faster than the classical collisional diffusion time, indicating that fluctuation-induced particle transport must be active. Sawtooth events in MST are associated with magnetic reconnection driven by resistive tearing instabilities. Electrostatic fluctuation-induced particle flux [the first term in Eq. (2)] measurements, made by a heavy ion beam probe, are found to be negligible in the plasma core on MST [15] . Therefore, a magnetic-fluctuationinduced anomalous particle flux is thought necessary to cause density relaxation since tearing-mode-driven magnetic reconnection is strongest at the sawtooth crash.
To quantitatively investigate the effect of magnetic field fluctuations on particle transport and density relaxation, we must measure the magnetic-fluctuation-induced flux and its divergence according to Eqs. (1) and (3). We focus first on the measurement of the density fluctuation-induced particle flux and its derivative for electrons. This requires measurement of (i) the local density fluctuation and its derivative n, @n=@r, (ii) magnetic field fluctuation b r , and (iii) their correlation. In cylindrical coordinates, the expression r Á À n r;e can be simplified since measurements show that the parallel electron velocity, mean magnetic field, and radial magnetic fluctuation profiles are nearly flat in the core [14] . Therefore, we can write r Á À In the following, measurement of each fluctuating quantity will be described.
First, density fluctuations and their gradient are measured using both conventional and differential interferometry. In general, density fluctuations can be written as n ¼ AEn m;n cosðm þ n þ ÁðrÞÞ, where m, n, and Á are the poloidal and toroidal mode numbers and the phase, respectively. In MST, the dominant modes are m ¼ 1 and the fluctuating interferometric phase is given by ðxÞ ¼ c 1 R n m¼1 ðrÞ cosðÞdz, where c 1 ¼ 1:20 Â 10 À18 m 2 for laser wavelength 432 m. The term cos ¼ x=r, where x is the impact parameter, can be considered as a weighting factor which approaches a delta function as x ! 0, thereby providing spatial resolution of $10 cm in the core. This leads to a simple relation between phase fluctuations and density fluctuations for chords close to the plasma center, i.e., nðrÞ % ðxÞ=2ac 1 . The fluctuating line-integrated phase is equivalent to the local density fluctuation amplitude. Differential interferometry, which measures the phase difference between closely spaced (Áx $ 1 mm) interferometer chords, provides a line-integrated density gradient measurement, @ðxÞ=@x [13] . Upon taking the first spatial derivative of line-integrated density, we find @ðxÞ=@x ¼ c 1 R @n e =@r cosdz, where the cosine term is the same weighting factor obtained earlier. For small impact parameter x, differential interferometry provides a localized measurement of the density gradient and density gradient fluctuations according to @n e ðrÞ=@r % 1=2ac½@ðxÞ=@x. From this relation, the differential phase (or its fluctuation) is proportional to the density gradient (or its fluctuation) for measurements made near the magnetic axis. These interferometric approximations offer the great convenience of being able to directly determine the local particle flux without performing any inversion of the line-integrated density measurements [10, 13] .
The measured electron density and density gradient fluctuations exhibit a significant surge at the sawtooth crash as shown in Figs. 2(a) and 2(b) , respectively. These data are for fluctuations at r=a ¼ 0:11 associated with the dominant core tearing mode (m ¼ 1, n ¼ 6) obtained by cross correlation with a specific helical magnetic mode 
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week ending 10 JULY 2009 025001-2 obtained from spatial Fourier decomposition of measurements from an array of 32 wall-mounted magnetic coils at the surface of the plasma. Density fluctuations away from the sawtooth crash are approximately 0.15%, reaching 1% at the crash, while the density fluctuation gradient nearly triples. This is qualitatively consistent with the observation that the largest density change occurs at the sawtooth crash, suggesting that large density fluctuations contribute to density relaxation. Second, the radial magnetic field fluctuations in the core are obtained by Faraday rotation measurement. Previously, it has been established that radial magnetic fluctuations dominate Faraday rotation fluctuations (É) for chords close to the magnetic axis [12, 14] , leading to É $ R n e b r dz. The measured line-averaged radial magnetic field fluctuation amplitude for the dominant core resonant mode (m ¼ 1, n ¼ 6) throughout a sawtooth cycle is shown in Fig. 2(c) . Maximum amplitude occurs at the crash where the b r increases by a factor of 3. For comparison, the poloidal magnetic fluctuation amplitude (dashed line) measured at the wall is also plotted. The local radial magnetic fluctuation profile is obtained by numerically fitting experimental data as described in an earlier work [14] . The radial magnetic field fluctuation amplitude (1%-2% at crash) in the core is approximately 3 times the poloidal magnetic field at the wall, i.e., b r ð0Þ $ 3 Â b ðaÞ, consistent with the results from MHD computation.
Finally, the correlated product between n (or @n=@r) and b r is obtained by ensemble averaging. In MST, rotation of the low-n magnetic modes transfers their spatial structure in the plasma frame into a temporal evolution in the laboratory frame. Since the magnetic modes are global, for convenience we correlate n (or @n=@r) with a specific helical magnetic mode obtained from the spatial Fourier decomposition noted above. After averaging over an ensemble of 400 similar events, we determine the correlated product between n (or @n=@r) and b r for all modes. With combined measurements of density fluctuations, density gradient fluctuations, radial magnetic fluctuations, and their correlated product, the density fluctuation-induced electron particle flux can be determined as shown in Fig. 3(a) . Contributions from all large modes (m ¼ 1, n ¼ 6, 7, 8, 9) have been summed. At the sawtooth crash, n and b r are nearly in phase as the particle flux surges to $1:5 Â 10 21 =m 2 s, concurrent with the core density collapse. In addition, the particle flux divergence also increases significantly, as shown in Fig. 3(b) (solid line), reaching 2:0 Â 10 22 m À3 s À1 . Fast density profile relaxation (see Fig. 1 ) implies a surge of dn e =dt, as indicated in Fig. 3(b) (dashed line). The measured flux divergence (r Á À n r;e ) shows a similar increase, essentially balancing the density change within experimental errors. One can integrate these traces over time to directly compare the density change and particle flux as shown in Fig. 3(c) . Here we see that magnetic field driven particle flux (arising from density fluctuation) can account for the observed core density change at a sawtooth crash. Because of this balance, the electron velocity fluctuation-induced flux (À V r;e ) is expected to be small. Away from the sawtooth crash, the measured density fluctuation-induced particle flux [see Fig. 3(a) ] is $1:0 Â 10 20 m À2 s À1 , comparable to the particle flux obtained from particle balance [10] .
While the measured electron density fluctuation-induced particle transport is significant and can account for the observed density relaxation, the ion density fluctuationinduced particle flux is 2 orders of magnitudes smaller, i.e., À n r;i ¼ V k;i hnb r i=B ( À n r;e ¼ V k;e hnb r i=B. This is due to the ion parallel velocity ($10 4 m=s) being much less than the electron parallel velocity ($10 6 m=s). Therefore, the ion particle flux must be associated with the velocity fluctuation-induced flux (À V r;i ). Indeed, the previously measured toroidal (parallel) ion velocity fluctuations increase to ð1-2Þ Â 10 4 m=s at the sawtooth crash, and they are in phase with radial magnetic field fluctuations [16] . Thus, the ion velocity fluctuation-induced particle flux can be estimated and found to be approximately ð1-2Þ Â 10 21 m À2 s À1 at the sawtooth crash, comparable to the measured electron density fluctuation-induced particle flux.
The magnetic-fluctuation-induced charge flux À q ¼ hj k b r i=eB ¼ À r;i À À r;e , given by the difference between the electron and ion particle fluxes, was previously obtained by directly measuring the Maxwell stress tensor and found to be small (less than 1% particle flux) [17] . Thus, we have À r;e ¼ n e hV k;e b r i=B, is small compared to the total particle flux (supporting earlier conjecture), likely resulting from a near =2 phase between V k;e and b r . Electron particle flux originating from electron density fluctuations is comparable to the ion particle flux resulting from ion parallel velocity fluctuations thereby maintaining ambipolarity.
Quasilinear test particle transport in a stochastic magnetic field has been theoretically treated by a few authors [2, 18, 19] . In the collisionless limit, the test particle diffusivity is D ¼ V th D M , where V th is the particle thermal speed and D M ¼ P m;n qR 0 ðb r =BÞ 2 is the magnetic diffusion coefficient that describes the random walk of stochastic magnetic field lines [6] . Within the self-contained picture of ambipolar particle diffusion in a stochastic field, the diffusivity for both electrons and ions is predicted to be limited to the ion value, D i ¼ V i;th D M (V i;th , ion thermal or sound speed), simply because ions stream more slowly along stochastic field lines [7, 18, 20] . Using measured parameters, we estimate the magnetic diffusivity to be D M % 2:0 Â 10 À4 m, consistent with direct field line tracing analysis for similar plasma conditions [21] . Using the measured density gradient rn e ¼ À2 Â 10 18 m À4 in the core, the predicted ambipolar-constrained particle flux is À QL ¼ ÀD i rn e ¼ 4:8 Â 10 19 m À2 s À1 , which is 30 times less than the measured particle flux. Interestingly, the measured flux is within a factor of 2 of the electron value À QL e ¼ ÀV e;th D M rn e that would occur in the absence of ambipolarity constraints [18] , suggesting that electrons can diffuse in the stochastic field at electron diffusion rate. Equally interesting is that the parallel velocity fluctuation-induced ion transport is much larger than the test particle diffusion expectation but matches the electron flux, thereby maintaining quasineutrality. The unexpectedly large particle transport appears to be strongly influenced by nonlinear mode-mode coupling within broad mode spectra in the reversed field pinch [3, 14] .
In summary, a direct measurement of magneticfluctuation-induced particle flux has been made in the core of a high-temperature plasma. The measured electron particle flux can account for density profile relaxation during a sawtooth event. The quasilinear prediction for ambipolar particle transport in a stochastic field underestimates the measured particle transport by at least 1 order of magnitude, emphasizing the need for a more complete theory of magnetic-fluctuation-induced particle transport.
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